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The  experiments  to  be  described  in  this  paper  are  quantitative 
studies of the rate at which colon bacilli die when subjected to known 
intensities  of X-rays of various  wave lengths.  Such measurements 
are  of  interest  for  several  reasons.  They  provide  a  more  or  less 
accurate description of the course of this biological reaction and they 
throw a  definite, though as yet an indirect, light upon the mechanism 
by which these  cells are killed.  At the  same time they provide  an 
essential  basis  for  attempts  to  alter  cells without  killing  them  and 
they give data which have a  direct bearing upon the validity of the 
generally accepted principles of X-ray dosimetry as applied to tumor 
and other biological irradiations. 
The biologicaP  and physical  s procedures are the same as those previously de- 
scribed.  A few single bacilli (ca. 200 to 300 per square inch) ~vere  spread as evenly 
as possible upon the surface of an agar plate and two equal areas were stamped 
upon it.  One of these areas was immediately given a measured dose of X-rays, 
the other served as a standard.  The ratio of the counts made after incubation 
of the number of colonies growing out in the irradiated and standard regions is the 
survival ratio.  In any one experiment the X-ray intensity was held constant and 
exposures of enough different lengths of time were made to determine the course 
of the survival ratio-dosage curve.  In order that a sufficient number of bacteria 
should be counted to make the results statistically significant,  at least ten plates 
were irradiated for each of the chosen exposure times and their results averaged. 
In this way each final survival ratio is the result of counts of not less than 2000 to 
3000 organisms.  Though the quantities thus obtained are called survival ratios, 
I Wyckoff, R. W. G., and Rivers, T. M., "J. Exp. Med., 1930, 51,921. 
2 Wyckoff, R. W. G., J. Exp. Med., 1930, 52,435. 
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they are in reality measures of the destruction of the reproductive function in the 
bacteria.  It is possible, particularly with the softer radiations, that this loss of 
ability to divide takes place without cell death. 
The previously described  a gas tube, equipped with targets of different metals, 
has been used to obtain the intense beams of X-rays needed for these experiments. 
In this way, killing rates upon B. coli have been measured for X-ray beams con- 
sisting mainly of the K lines of silver, molybdenum, copper and chromium and the 
L lines of silver.  Because of the loss of intensity consequent upon filtration and 
the desirability of having the data with the different radiations as comparable as 
possible, no attempt has been made to render the beams in any of these experi- 
ments more nearly monochromatic.  The  earlier experiments with filtered and 
unfiltered copper rays indicate, however, that only a moderate error is introduced 
by this heterogeneity. 
The current through the X-ray tube during the irradiations was held constant 
at either 4 or 8 milliamperes.  The peak voltage across it depended on the target 
--for Ag K, Cu K and Cr K rays it was 34 KV, for Mo K it was 34 or 38 KV and for 
Ag L, 21 KV as measured with a  12;5 cm. sphere gap.  The beam intensity was 
determined using the small air ionization chamber described in the earlier experi- 
ments with copper rays.  The molybdenum and silver K radiations are sufficiently 
hard so that this air ionization was taken as a direct measure of the X-rays striking 
the irradiated agar surface.  With the other and softer rays, correction was made 
for the amount absorbed in the layer of air between the surface of irradiation and 
the volume giving the ionization current.  The length of this air column was 3.2 
cm.  Taking the absorption coefficient  4 of Cu K radiation as ~/p =  8.43, of Cr K 
as 28.0 and Ag L (X =  3.98 A) as 129.3, calculation shows that the measured ioniza- 
tions are 97 per cent for Cu K, 89 per cent for Cr K  and 59 per cent for Ag L  of 
those due to the X-rays at the irradiated surface.  Introducing this absorption 
correction and transferring to standard air conditions, the measured air ionizations 
of the beams used in the experiments of Table I are recorded in this same table as 
the saturation currents due to the ions produced in a cube 1 cm. on its edge. 
Typical  experiments  giving  survival  ratios  with  each  of  the fore- 
going radiations are reproduced in Table I.  The ratios thus obtained, 
as  well  as  those  from  several  similar  experiments,  are  plotted  on  a 
semilogarithmic  scale in  Figs.  1  to  5.  It is evident  that the results 
with all radiations lie on straight lines in these diagrams. 
s Wyckoff, R. W. G., and Lagsdin, J. B., Radiology,  1930, 15~ 420. 
4 Kaye, G. W. C., X-rays, London,  1923,  4th ed.,  145;  JSnsson,  E.,  Uppsala 
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TABLE  I 
Survival  Ratios for Various  Radiations 
Irradiation times 
s,con& 
5 
10 
2O 
3O 
4O 
5O 
60 
8O 
9O 
120 
Ionization  per 
sec./cm,  t  in  1 
cm. of air .... 
Survival  ratios for 
AgK 
(0£64A) 
0.676 
0.443 
0.334 
0.192 
0.124 
73.1 
Mo K 
(0,710A) 
0.863 
0.693 
O. 612 
0.491 
0.380 
0.300 
94.1 
Cu K 
(1.537A) 
0.714 
0.687 
0.512 
0.277 
0.220 
0.149 
173. ! 
Cr K 
(2.29A) 
0.629 
0.392 
0.293 
0.185 
0.128 
0.100 
274.5 
AgL 
(3.98A) 
0.689 
0.518 
0.322 
0.263 
O, 173 
133.8 e.s.u. 
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FIc. 1. Data from two sets of experiments with a tube giving silver K  radiation. 
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FzG. 2.  Data from two different sets of experiments with a  tube giving molyb- 
denum K radiation.  The ratios of Table I are plotted as full circles. 
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FIG. 3.  Data fr om two sets of experiments with a  tube giving copper K  radia- 
tion.  The ratio~ Df Table I  are plotted as open circles. 
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FIo. 5.  Data from the set of experiments with a  tube giving silver L  radiation 
that is recorded in Table I. 
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Analysis 
The same analysis based upon the quantized absorption of X-rays 
which  was outlined  previously  for  copper  rays  is  applicable  to  all 
these  experiments.  From  this  standpoint  the  straight  lines  of the 
figures are proof that the absorption of one quantum of X-ray energy 
is sufficient to produce death even with the very soft silver L radiation. 
This  agrees  with  the  results  of Holweck  5 and  Lacassagne  s with  B. 
pyocyaneus.  As before, the average or expected number  of absorp- 
tions per bacterium  can be  computed for each experiment  from the 
beam intensity,  the  size  of the  bacterium  and  a  knowledge  of the 
number of ions liberated in air by one quantum  of the wave length 
used.  A typical calculation  6  showing the quantities employed through- 
out has already been outlined.  The expected numbers of absorptions, 
computed for the several wave lengths of this series of experiments, 
are listed as  "Calculated  a" in  Table II.  Since the survival ratios 
give straight lines when plotted semilogarithmically,  they must be ex- 
pressed by an equation of the type 
Ai/A0 -- survival ratio =  e- a' t  ......................  (1) 
The a"s that  are given by the slopes of the lines of Figs.  1 to 5 are 
listed in  Table II.  If every quantum  absorbed were deadly,  these 
a"s  would equal  the  calculated  values of a.  Since  they  are much 
smaller, their ratio, a/d,  furnishes the average number of absorptions 
which  occur  before  a  bacterium  is  killed.  If  the  volume  through 
which a quantum acts were small compared to that of the vital parts 
of a  cell, then the reciprocal of this quantity, or a'/a, would measure 
eht volume of the vital elements.  Physical experiments indicate that 
this is not the case, however, and as a  consequence  the ratios al/a, 
at least for the harder X-rays, are more an index of  the  size  of  the 
quantum's  sphere of action than of the bacterium's vital  elements. 7 
6  Holweck, F., Compt. rend., 1929, 188, 197; Lacassagne, A., CompL rend., 1929, 
188, 200. 
o Wyckoff,  R. W. G., J. Exp. Med., 1930, 52, 435. 
7 It is interesting to note in this connection that the curve showing the increase 
in sensitive volume with harder rays is very similar to curves that are obtained 
when the range (in air) of electrons is plotted against their speed (of. the data of 
Lenard  and of Wilson quoted  by H. Ktistner  in Ergebnisse d. med. Strahlen- RALPH  W.  G.  WYCKO~FF  775 
Nevertheless,  it  can  with  safety be  concluded that these  cell con- 
stituents which are essential to its life, or at least to its growth through 
multiplication,  cannot  in  their  sum  total  have  a  greater  relative 
volume  than  d/a.  The  "sensitive  volumes,"  a'/a,  furnished  in 
this way by  the  several  radiations  studied  are  given  in  Table  II. 
Together with their reciprocals they are shown graphically in Fig. 6. 
Since a'/oL can be as small as 0.014  (for Ag L  radiation), the region 
within a  colon bacillus which must be injured to prevent cell multi- 
plication cannot be more than this fraction of the bacterial volume. 
The manner in which the curve of Fig. 6 flattens out with increasing 
wave length suggests that the true sensitive volume of this organism 
may not be far from 0.01.  These experiments cannot show whether 
TABLE  II 
CalCo ~ .......................... 
Obs. a'. ........................ 
a t 
Sensitive volume --. .............. 
a 
Hits to kill ~5 .................... 
in expression (2) ................ 
AgK  MoK 
i 
0.079  0.126" 
D.0174  0.0167  ~ 
0.220  i0.159 
1 
4.54  16.46 
0.03238  10.03215 
Cu K 
0.527 
0.0370 
0.0702 
14.2 
0.0s231 
CrK  AgL 
1.220  1.108 
0.0413  0.0159 
0.0338  0.0144 
~9.5  69.7 
0.03150  0.03119 
* These numbers refer to the experiment of Table I; the remaining results for 
molybdenum are averages of more than one experiment. 
the sensitive part is a  single structure or is the sum of a  number of 
smaller vital elements.  If, however, as appears natural, it is associated 
with the chromatin material of the cell, then the latter is probably true. 
The sensitive volume as calculated above possesses a large possible 
error.  At least two factors contribute to this potential inaccuracy. 
One is the non-monochromatic character of the X-ray beams used, 
the other and more important lies in the serious physical problems 
met in measuring such an intense beam of soft X-rays.  Consistent 
readings of intensity have been obtained but extended research is nec- 
forschung, Leipzig, 1925, Band I, 229.  This suggests that the biological  sphere of 
action of an absorbed quantum is less than the spherical volume within which it 
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essary before their absolute accuracy is satisfactorily known.  The 
previously published results with Cu K rays are in moderate agreement 
with those of this paper.  Most of the difference which exists is, how- 
o 
A  1  .....  2  "~" 
Wave  i~gt~ 
FIG. 6 
ever, to be ascribed to improvements which have been made in the 
measurement of beam ionization. 
It is also instructive to state the killing action of these different wave 
lengths in terms of the energy rather than the quanta absorbed.  This RALPH  W.  G.  WYCKOFF  777 
can  readily be  done  through  the measured air ionization using an 
equation of the form 
A1/A. =  e- a .t  (2)  ,..,.  ....  .  ........  .  .......... 
where u is expressed in electrostatic units per second per cubic centi- 
meter of air under standard conditions (in roentgen units).  The ex- 
ponents ~ as found for the wave lengths used are given in Table II. 
If the killing were proportional to the number of ions produced (in air 
and undoubtedly also in the bacteria)  these •'s  should be constant. 
For the very soft Cr K and Ag L radiations they are definitely smaller 
than for shorter X-rays.  If the same amount of energy is consumed 
in producing an ion pair in air for all these radiations,  as the best 
available information  s indicates to be true, then this result must mean 
that more energy is needed to kill a bacterium when the quantum is 
small. 
DISCUSSION 
Throughout the analysis which has been followed in  interpreting 
these experiments, it has been considered that ~fferences which might 
exist in the resistances of individual organisms to X- and cathode rays 
were not important.  With the high velocity electrons of a  cathode 
ray beam where nearly every electron that is absorbed brings about 
death, this conclusion is a necessary one.  It is a strong argument in 
favor of its continued applicability that the killing rate of bacteria is 
the same  for these electrons and for X-rays throughout the range of 
wave lengths  studied. 
The statement is  commonly encountered that  whenever bacteria 
are subjected to an unfavorable environment, be it physical or chemi- 
cal, they die off at a rate which is logarithmic for at least part of the 
time.  By many it has been thought that such a decrease in bacterial 
count meant that death of these cells was a monomolecular chemical 
reaction; others have asserted that these curves of death are indices, 
not of the mechanism of killing, but rather of the relative sensitivities 
of  the  bacteria in  the  cultures  used.  The  comparative  merits  of 
these two points of view have been discussed frequently but not conclu- 
s Kulenkampff,  H., Ann. d. Physik, 1926, 79, 97. 778  KILLING  OF  COLON  BACILLI  BY  X-RAYS 
sively.  9  If relative sensitivities were the predominant factor, then it 
might be expected that the death-rate curves for a particular organism 
would be much the same irrespective of the killing agent.  In making 
such comparisons the entire curve and not merely its middle portion 
is  significant.  When this is  taken into  account the curves for the 
action of different physical agents are often found to be of unlike shape 
and are not necessarily semilogarithmically linear.  Thus experiments 
on the death-rates of spores and of some actively metabolizing bac- 
teria indicate that these rates depend upon both the environment and 
the type of organism.  The curves of some of these rates  1° seem semi- 
logarithmically linear; others  n depart widely from such a relation. 
Few of the studies of the effects of radiations on cells give useful 
data.  The death-rate of staphylococci when subjected to ultraviolet 
light of a single wave length has been measured.  I~  These results, plot- 
ted on a suitable semilogarithmic scale (Fig. 7), give a curve which is 
not as straight as the line obtained when this bacterium is irradiated 
with cathode rays but is nevertheless of a  smooth multiple-hit type. 
Lacassagne  and  Holweck have found  that  the  death-curves  of  B. 
pyocyaneus  are straight if killing is effected with Ag L  rays but not 
with the still softer A1 K  radiation.  These facts are opposed to the 
idea that the killing-curves with which they are concerned are pri- 
marily expressions of relative sensitivity. 
Though it is  quite clear that this factor of "biological variation" 
cannot be of predominant importance in either the X-ray experiments 
with B. pyocyaneus or in these observations on B. coli, no conclusive 
data exist to prove that it does not occur as a secondary factor to in- 
fluence the foregoing analysis.  The experiments bearing most directly 
on this problem are the recent observations of Gates  ~3 showing that 
except possibly in strongly alkaline solutions the survival ratios of S. 
aureus irradiated by ultraviolet light are independent of the pH of the 
medium in which they grow.  Since death-curves with heat are known 
9 See for example  papers mentioned in Rahn, O., J. Gen. Physiol., 1929, 13p 179. 
10 Bigelow,  W. D., J. Inf. Dis., 1921, 29, 528. 
11 See the chart reproduced by Esty, J. R., in Jordan, E. O., and Falk, I. S., 
The New Knowledge  of Bacteriology and Immunology, Chicago, 1928, 299. 
1~ Gates, F. L., J. Gen. Physiol., 1929, 13, 231. 
18 Gates, F. L., J. Gen. Physiol., 1929, 13, 249. RALPH  W.  G.  WYCKOFF  779 
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FIa. 7.  A plot of the data of Gates showing the killing rates of Staph. aure~ 
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to be influenced by the acidity of the medium,  x* this is strong evidence 
that killing rates with ultraviolet radiation are not concerned with the 
sensitivity of  the  organisms  as  measured by  some  other physical 
agents.  It is to be expected that sensitivity should be even less im- 
portant with X-rays. 
In so far as results with a relatively small bacterial cell are applicable 
to large tissue cells, the measurements of the amount of ionization 
necessary to produce death for different radiations have a bearing on 
the principles of X-ray dosage.  The'general constancy of ~ for the 
harder rays of Table II is in good agreement with the assumption that 
ionization, as determined by an air chamber, is an accurate measure 
of the biological action of the rays.  The smaller/~'s found for very 
soft rays are, on the other hand, an indication that air ionization data 
with a Bucky "grenz-ray"tube, for example, are probably not, from a 
biological  standpoint,  accurately  comparable  with  those  from  the 
more ordinary types operated at higher voltages. 
Valuable help in carrying out these experiments has been given by 
Charles G. Porskieves. 
CONCLUSIONS 
X-ray beams of wave lengths lying in the range between 4 A and 0.5 
A all kill B. coli in a semilogarithmically linear fashion.  Interpreted 
in terms of the known quantized absorption of X-rays, this means that 
one absorption of any of these radiations is sufficient to kill.  Though 
death results from a single absorption, only about one hit in four with 
Ag K and one in sixty with Ag L radiation is deadly.  The course of 
curves constructed from these experimental results suggests that the 
portion of this bacterium which is essential to its continued life has a 
total of approximately 0.01  of the cell volume. 
For copper and harder radiations the biological action of the rays 
is proportional to their measured air ionization.  The same biological 
change with the softer chromium K  and silver L X-rays seems to re- 
quire a somewhat more intensely ionizing beam. 
14 Bigelow,  W. D., op. oil 